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INTRODUCTION
High resolution neutron transmission measurements of 235 U were performed by Harvey et al. 1 in the neutron energy range 0.5 eV to 300 keV using the Oak Ridge Electron Linear Accelerator (ORELA) as a pulsed neutron source. The experimental data were analyzed in the energy range 0.5 eV to 2.25 keV with the Reich-Moore Bayesian code SAMMY, 2 along with experimental fission and capture cross sections, in order to obtain the resonance parameters. 3 The results of the analysis were included in ENDF/B-VI release 5. The average resonance parameters were also obtained from statistical analysis of the resonance spacings and the partial reaction widths. 3 These average parameters could be used for a reevaluation of the cross sections in the unresolved energy range with the aim of matching the resolved-energy range with the unresolved-energy range at 2.25 keV. Statistical model or optical model codes are used for the calculation of the average cross sections in the unresolved-resonance range from the average resonance parameters and for comparison with average experimental cross sections; accurate average total cross sections are indispensable for a consistent evaluation of the partial cross sections. Unfortunately, the 235 U experimental total cross sections are scarce and not reliable in the energy range up to 50 keV, especially in a region where accurate values of the self-shielding factors are needed. Accurate values of the experimental average total cross sections could be obtained from Harvey et al. transmission measurements up to the neutron energy of about 300 keV.
The purpose of the present paper is to report on: (1) the evaluation of the experimental average total cross section from Harvey et al. thick sample transmission data in the energy range 2 keV to 300 keV, with the correction for the experimental effects, and (2) the analysis of the experimental average total cross section along with experimental fission, capture, and alpha data by using the statistical model code SAMMY/FITACS. 2 The results will be used as a basis for the reevaluation of 235 U cross sections in the unresolved range for ENDF/B-VI.
EVALUATION OF THE AVERAGE TOTAL CROSS SECTION
GENERALITIES ON TRANSMISSIONS AND TOTAL CROSS SECTIONS
The total neutron cross section (E), at neutron energy E, is obtained from the neutron transmission Tr(E) of a sample of thickness n by the relation:
where the cross section (E) is given in barn(b) and n in atom/barn. However, the transmission of neutrons through the sample cannot be measured at the precise energy E of the neutrons, but is a value averaged over the experimental resolution in an energy interval E1 to E2 depending on the width of the resolution function. The quantity which is really measured is
where R is the experimental resolution function and (EN) is the Doppler broadened cross section at energy EN.
Via the inversion of Eq. (1), one obtains the so-called average effective total cross section eff (E), instead of the true average total cross section (E), It can be shown that is smaller than the true average total cross section . The difference F HII ( F ( between the average effective cross section and the true average cross section is due to the resonance structure of the data; it is the resonance self-shielding effect in the transmission measurement. This effect should be evaluated when deriving total cross section from transmission measurements. However, it can be neglected if remains small in the energy interval E1 to E2, in such a way that is very
for all values of E in the energy interval. This condition could be achieved by using thin & Q F ( samples in the transmission measurements. However, the experimental error on the effective cross section of thin samples is large since , and could reach values much larger than the expected G F ' &Q G7U 7U correction. For instance, the measurement of an effective total cross section of 20 barns with 1% accuracy needs a sample thickness of at least 0.05 atom/barn if the transmission is measured with 1% accuracy; the corresponding n value is 1 and the self-shielding effect could still be quite large. It can be shown that the difference between the effective cross section and the true average total cross section depends, to first order, on the variance of the cross section, i.e., on the fluctuations of the cross section, over the energy width of the resolution function. Due to the resonance overlapping and possibly to the opening of new reaction channels, the fluctuations are decreasing when the neutron energy is increasing. Above an energy depending on the properties of the target nucleus, the fluctuations are small and the correction negligible even in thick samples.
When inferring average total cross section from transmission measurements three neutron energy ranges should be considered:
(a) The resolved energy range from thermal energy to an energy which depends on the average spacing of the resonances. In this energy range, high-resolution measurements allow the separation of almost all the large resonances, the width of the experimental resolution being smaller than the width of the resonances. The measured cross section varies from several barns between the resonances to several hundreds, or thousands, of barns in the peak of some resonances. The experimental data are usually analyzed in order to obtain the resonance parameters by using least-square or Bayesian fitting codes with proper nuclear reaction formalisms and taking into account the experimental effects of the transmission measurements. The values of the Doppler-broadened cross sections can then be recalculated from the resonance parameters by using the same formalism used in the analysis of the experimental data, giving the cross section free of the experimental effects. The self-shielding correction calculation is not needed in this method of data processing. However, the self-shielding corrections for cross sections averaged over several resonances can 4 be easily obtained by comparing calculated, or experimental, effective cross section, with calculated true average cross section. These "calculated" self-shielding corrections could be useful to check the variation with energy of the correction for a given experiment and sample, variation which could be extrapolated into the unresolved resonance range.
(b) The unresolved-resonance region, where the fluctuations of the measured cross section are due to unresolved multiplets of resonances, or to intermediate structure, which could hardly be analyzed in terms of single resonance parameters. The self-shielding corrections could be large and should be evaluated with good accuracy in order to obtain reliable values of the total cross section.
(c) The higher-energy range where the Doppler-broadened resonances overlap so much that there are no strong fluctuations in the cross section. The variation of the cross section is small over the energy range of the experimental resolution. The difference between the effective cross section and the true cross section is negligible. No correction is needed in this energy range.
The separation between the resolved-and unresolved-energy range is made by the analysts of the experimental data, who choose the upper energy limit beyond which realistic resonance analysis of the data could not be performed. In the case of 235 U data, the resonance analysis of the experimental data was performed up to 2.25 keV neutron energy. Therefore it is possible to evaluate the self-shielding corrections from data calculated with the resonance parameters in energy range up to 2.25 keV. Above this energy, the simulation of cross sections from resonance parameters obtained by Monte-Carlo sampling, or directly from the sample of parameters of the energy range 0 to 2.25 keV, should be used. 235 U varies from about 20 b at 2 keV to about 9 b at 300 keV which corresponds to an average transmission of 0.52 and 0.74 respectively for the thick sample, and 0.95 and 0.97 respectively for the thin sample. An accuracy of 1% on the transmission measurement gave 0.3 b accuracy on the cross section measured from the thick sample and 4.3 b from the thin sample. Therefore only the thick sample was suitable for the evaluation of the average total cross section with a good accuracy. The thin sample measurement was used for the determination of the resonance parameters in the low energy range. 3 The isotopic composition of the samples was 0.033% of 234 U, 0.184% of 236 U and 0.128% of 238 U. The samples also contained 0.385% of 181 Ta. The thickness of the samples increased by a factor of 1.006 in cooling to liquid-nitrogen temperature, giving a thickness of 0.03301 atom/barn of 235 U for the thick sample in the experimental conditions of the transmission measurements. Taking into account the isotopic analysis error and the error on the temperature correction, the error on the thickness was about 0.5%, i.e. 0.5% systematic error on the measured effective total cross section.
THE EXPERIMENTAL DATA
The normalization of the transmission ratio was obtained with 0.2% accuracy. The background correction was about 4% for the counting rate with the sample in the neutron beam and about 2% with the sample out of the beam. The background was measured with an accuracy of about 3%. Combining quadratically these experimental errors, one obtains a systematic error of about 0.25% on the transmission ratio, corresponding to an absolute error of 0.08 b on the effective total cross section at all energies.
The contribution of 181 Ta and other U isotopes were calculated from ENDF/B-VI and subtracted point by point from the effective total cross section. As examples, the corrections at 2.2 keV, 13.5 keV and 326 keV were 0.13 b, 0.10 b and 0.06 b; i.e. 0.59%, 0.57% and 0.69% of the average total cross section, respectively. Assuming that the accuracy on the correction was about 10%, the corresponding error on the average effective total cross section was less than 0.1% at all energies.
THE SELF-SHIELDING CORRECTION
The resonance parameters in Ref. 3 were obtained by fitting the transmission data of Harvey et al. with an accuracy better than 0.5% of the average transmission. The true average cross sections and the average effective cross sections could be calculated, with the same experimental conditions, from these parameters, for the evaluation of the corresponding self-shielding corrections. The results of the calculation performed with the code SAMMY are given in Table 1 in the energy range 0.2 keV to 2.2 keV for intervals of 0.2 keV (about 400 resonances in each energy interval). The difference between the calculated average true cross section and the calculated average effective cross section is the self-shielding effect at the experimental conditions of the transmission. As expected, the trend of the self-shielding effect is to decrease when the neutron energy increases, since the variation in the cross section decreases when the Doppler and experimental resolution widths increase. The strong fluctuations around the average correction were also expected, due in part to the Porter-Thomas fluctuations of the neutron widths. In the unresolved range, above 2.25 keV neutron energy, the self-shielding correction can be evaluated by simulation of the data from resonance parameters obtained by Monte Carlo sampling using Wigner and Porter-Thomas distributions of spacings and widths, with average values inferred from the resolved resonance region, or obtained directly from the known set of resonance parameters shifted to the higher energy ranges. The second method was used in the present work, and contributions of p and d resonances were added. The calculation of the simulated data were performed with the code SAMMY in 9 energy interval of 200 eV in the energy range up to 20 keV. The results are given in the second part of Table 1 . The corrections to the calculated average effective cross section have the same trend as in the resolved-resonance region, decreasing from about 2% to about 0.2%. The calculations were performed with an effective scattering radius of 9.60 fm obtained in the resonance analysis of the low energy region.
3 This scattering radius gives the level of the smooth potential scattering cross section on which the resonance structures are seen. The resonance structures become small compared to the smooth scattering cross section when the neutron energy increases.
The values of the self-shielding correction versus energy are plotted in Fig.1 on a log-log scale. In this kind of representation, the behavior of the self-shielding correction is nearly linear in the energy range 2 keV to 20 keV. It is likely that the correction should be smaller than 0.1% in the energy ranges above 40 keV. Self-shielding corrections were also calculated by Poenitz et al. 4 for effective total cross sections of a 0.097-atom/barn sample of 235 U, a 0.06-atom/barn sample of 233 U and a 0.089-atom/barn sample of 239 Pu. They found that the correction was smaller than 1% above 50 keV for the isotopes considered. However, the correction for 235 U should be much smaller than for 239 Pu for comparable sample thickness, since 235 U has average level spacing about four times smaller and also has more open channels; therefore a 1% correction could be a large overestimate for 235 U in the Poenitz results. The thickness of the 235 U sample used in Poenitz where E is the energy in keV. The average true total cross section is then obtained by F (
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THE AVERAGE TOTAL CROSS SECTION
The effective total cross section data of Harvey et al. obtained from the experimental transmission contains about 15,000 time-of-flight channel points in the energy range 2 keV to 326 keV. These data were corrected point by point for the contribution of other isotopes. The width of the resolution function was about 0.6 eV at 2 keV and about 0.8 keV at 300 keV. The average spacing of the s-wave resonances is about 0.45 eV. In the low energy region, the correction point-by-point of the data for the self-shielding effect is not possible by using the relation in Eq. (5) because the resolution function extends only on a small number of resonances. The energy interval used to calculate the simulated average data for the evaluation of the self-shielding effects shown on Table 1 Table 2 shows the values of the true total cross section averaged in energy intervals varying from about 200 eV at the beginning of the energy range to about 5 keV at the end of the energy range, corrected for the self-shielding effect by using the relation of Eq. (5) (see also Fig.6 ). Above 40 keV the correction was negligible compared to the experimental errors. The errors shown in Table 2 take into account all those discussed above; these data have negligible Porter-Thomas fluctuations and are suitable for statistical model analysis. However, the 15000 effective total cross section points of Harvey et al. data should be kept in the experimental data libraries, since the high resolution of the measurements allow the search of possible intermediate structure in the data, 6 in correlation with structure in the fission cross section. 7 The user of the uncorrected data should note that: (a) correction for the self-shielding effect could be performed with good accuracy by using Eq. (5), with the restrictions stated above concerning the energy range for averaging the data, and (b) the corrections are not needed above 40 keV neutron energy. 4 were obtained in 1981 at the Argonne National Laboratory Fast Neutron Generator in the energy range above 40 keV. Comparison between Poenitz results and the present results averaged over the energy ranges of Poenitz experimental resolution is shown on Table 3 . The agreement is excellent. Uttley data are 8% to 12% higher. The Uttley experiments were performed with samples of 81.2% of 235 U; however, the differences could hardly be explained by errors on the corrections for the contribution of the other isotopes. Instead it is likely that the data compiled for the EXFOR 9 file were not corrected for the isotopic contributions; that could explain differences of 5% to 10%. The total cross sections in ENDF/B-VI are compared to the present data in Fig. 4 in the energy range 2 keV to 300 keV. The agreement in the energy range above 40 keV is particularly good due to the fact that the ENDF/B-VI evaluation was based on Poenitz data. Below 30 keV, ENDF/B-VI is on average 1.7% larger. In this energy range Weston 10 used an early version of the statistical model code FITACS 11 to fit the standard fission cross section 12 along with recent measurements of ( ratio of the capture to the fission), and used the current values of the neutron strength functions and effective scattering radius for the calculation of the total cross section. A new evaluation should be performed in order to obtain agreement better than 1.7% with the present data. The basis for a new evaluation in the unresolved energy range is presented in the next section from a statistical analysis of the experimental data. Note in Figs. 2, 3, and 4 , that the data were averaged by using an energy mesh different from that of Table 2 , to allow better comparison with the other experimental data and ENDF/B-VI. 
STATISTICAL MODEL ANALYSIS OF THE EXPERIMENTAL DATA
In the present work, selected experimental fission cross sections and data were analyzed along with the experimental total cross section. The fission experimental data base for 235 U contains a very large amount of data which were all considered by the ENDF/B-VI standard evaluation working group. 12 The current ENDF/B-VI fission cross section was obtained by renormalizing the ENDF/B-V data to the standard values in the energy range 2.25 keV to 100 keV, preserving the main structures of the experimental cross section. The ENDF/B-VI capture cross section was calculated by multiplying the fission cross section by the values of obtained by Weston from an eye-guided fit of the experimental data of Corvi et al. 13 and of Muradyan et al. 14 Weston did not take into account the highest values of , which are mainly the results of the high resolution measurements of Beer et al. 15 and the RPI data of de Saussure et al. 16 at about 10% above Corvi data in the energy range 20 keV to 100 keV.
The present SAMMY/FITACS analysis is a statistical model fit of the new average total cross section and of selected experimental fission and data, including Beer and de Saussure data, with a search for a possible renormalization of the fission and capture data. 
THE SAMMY/FITACS STATISTICAL MODEL CODE
The statistical model code FITACS of F.H. Froehner was incorporated into SAMMY by N.M. Larson. FITACS uses the Hauser-Feshbach theory for the calculation of the average total and partial cross sections. The input parameters for the calculation of the theoretical data are mainly the neutron strength functions, the average level density and the average partial widths at low energy, the distant-level parameters, the energy, spin and parity of the low-lying levels of the target nucleus, and the fission barrier parameters. The energy dependence of the average resonance parameters is obtained from the Bethe formula for the level density, from the Hill-Wheeler fission barrier penetration for the fission widths, and from the giant dipole model resonance for the capture widths. The Moldauer method is used for the calculation of the width fluctuation corrections. A consistent fit to the input experimental total and partial cross sections is obtained by solving the Bayes equations relative to the variable parameters. The a priori values of the average resonance parameters could be available from the statistical analysis of the resonance parameters in the resolved resonance region or from optical model calculations.
The input experimental cross sections are the averaged experimental data with their statistical errors. The resonance structures of the experimental data are generally washed out by the experimental resolution and the Doppler broadening in the high-energy part of the data. In the lower-energy region, just above the upper limit of the resolved range, the fluctuations due to the resonances are still present; further averaging could be needed before using the data as input for a'statistical model fit. Intermediate structures, particularly those due to a double-humped fission barrier, could also be present in some experimental fission data; these structures could not be described by the statistical model of FITACS. The intermediate structures are more likely present in the 235 U fission data. 3, 7, 15, 17 The high-resolution measurements of by Beer et al. 15 showed structures correlated with structures in Perez et al. 18 fission data. The parameters of the intermediate structures in the fission data have the statistical properties of the Class-II resonances (levels of the second well of a double humped fission barrier) with an average spacing of about 500 eV 15 which is 1000 times larger than the average spacing of the Class-I resonances. However, the amplitude of the 235 U fission structures is quite small compared to the average fission cross section and the statistical analysis should be a reasonable approximation for the fit of the data, but the statistical errors on the input data should be increased to include the possible remaining non-statistical fluctuations of the average cross section.
THE SAMMY/FITACS FIT OF THE AVERAGE CROSS SECTION
The statistical model fit of the average total cross section in the unresolved energy range is straightforward, involving a small number of parameters which are the strength functions S l relative to the different angular momentum l, and the nuclear radius parameters. Prior to the fit, the strength functions could be obtained from the neutron transmission coefficients calculated by the optical model, when they are not available from statistical analysis of resonance parameters. The contribution of the l = 0, 1, 2, and 3 angular momentum to the total cross section is about 69%, 30%, 2.5% and 0.4%, respectively, at 300 keV neutron energy. Therefore the fit to the total cross section in the energy range up to 300 keV should provide accurate values for the l = 0 and l = 1 parameters, but poor accuracy for the l = 2 and l = 3 parameters.
The input parameters for the SAMMY/FITACS calculations are given in Table 4 All these data were the results of high-resolution time-of-flight measurements analyzed at low energy for the determination of the resonance parameters. In general, the normalization of the fission cross sections were performed by the authors relative to the available standard data at thermal energy, directly or indirectly, with an accuracy of about 2%. However, due to unknown experimental effects, the data are not consistent in the energy range above 2 keV, showing discrepancies as large as 6% of the average cross section. One assumes in the present work that a consistent renormalization of the data in the energy range 2 keV to 200 keV could be obtained by the current version of SAMMY/FITACS from a Bayesian search of a renormalization coefficient. Prior to the SAMMY analysis, the experimental data were averaged using a common energy mesh of 140 points, in order to attenuate the non-statistical fluctuations of the cross sections.
The following measurements of the capture-to-fission ratio, , were also considered:
1. Weston et al. 27 data in the energy range 1 keV to 200 keV(RPI, 1964). 2. de Saussure et al. 16 data in the energy range 17 keV to 200 keV(RPI, 1965). 3. Beer et al. 15 data in the energy range 10 keV to 300 keV(Karlsruhe, 1979). 4. Muradyan et al.
14 data in the energy range 2 keV to 50 keV(Kurchatov, 1977). 5. Corvi et al. 13 data in the energy range 2 keV to 80 keV(GELINA, 1982). 
15
( Perez et al. 28 6. Perez et al. 28 data in the energy range 1 keV to 10 keV(ORELA,1973).
The experimental capture-to-fission ratio is plotted in Fig. 5 in the energy range 2 keV to 200 keV. The spread of the experimental data is important and not compatible with the experimental errors. There is a remarkable amount of structures in the data; some of these structures could be due to the intermediate structure in the fission cross sections. 15 The Weston evaluation for ENDF/B-VI shows the structure in the energy range 5 keV to 10 keV and a smooth behavior at higher energy. The shape of the solid line was obtained, in the present work, from an eye-guided fit of the experimental values, reproducing the structures observed in Beer data and in de Saussure data, at about 12% above the ENDF/B-VI evaluation. Since the current version of SAMMY/FITACS could not directly fit the experimental values of , an average capture cross section file CAP was created by multiplying the average fission cross sections of Weston et al. 26 by the values of corresponding to the solid line of Fig. 5 . The same procedure was also used by Weston for the ENDF/B-VI evaluation.
Finally, the experimental data base used as input in SAMMY/FITACS included the average total cross sections obtained from transmission measurements as explained in the first part of this report in the energy range up to 200 keV, the average total cross section of Poenitz et al. in the energy range 50 keV to 200 keV, the five sets of average fission cross sections as described above, and the average capture cross section file CAP in the energy range 2 keV to 200 keV. The five sets of fission cross sections were not renormalized to a common standard prior to the SAMMY/FITACS calculation; a consistent renormalization of each set should be obtained by the Bayesian fitting procedure. Similar procedure was also applied to the capture cross section file CAP.
The parameters obtained from the fit of the experimental data base are shown in Table 5 . The s-wave strength function, (0.945±0.009)10 !4 , is 6% larger than the value of (0.88±0.09)10 !4 obtained from the resonance parameters in the well resolved energy range 0 eV to 110 eV, and 10% smaller than the value of (1.049±0.024)10 The experimental data are compared with the calculated data in Figs. 6, 7, and 8. The renormalization coefficients obtained from the Bayesian simultaneous fit are given in Table 6 . The calculated fission and capture cross sections are compared to ENDF/B-VI in Fig. 9 . ENDF/B-VI fission cross section is about 1% higher on average in the energy range 2 keV to 20 keV and about 2% lower in the energy range 20 keV to 100 keV. In the energy range 2 keV to 10 keV, ENDF/B-VI capture cross sections agree with the calculated data within 1% on average and is smaller by about 12% over the energy range 10 keV to 200 keV. In addition to the improved accuracy on the experimental total cross section, the difference between ENDF/B-VI evaluation and the present analysis is mainly due to the consideration of larger experimental value of in the energy range above 10 keV, as shown in Fig. 5 . Note that the total inelastic scattering cross section calculated by SAMMY/FITACS decreases by about 20% at 200 keV when compared to ENDF/B-VI. 
CONCLUSION
The analysis of the high-resolution transmission data of Harvey et al. allowed the determination of the total cross section in the energy range 2 keV to 300 keV. The results meet the need of accurate data in the unresolved energy range. The data were corrected for the contribution of the other isotopes and for the selfshielding effect. The accuracy achieved is 0.8% at 2 keV and 1.5% at 300 keV. Excellent agreement was obtained with the results of Poenitz et al. in the energy range 40 keV to 300 keV. Between 2 keV and 25 keV, ENDF/B-VI data are 1.7% higher. A statistical model analysis of the data was performed along with selected average experimental fission cross sections and data in the energy range 2 keV to 200 keV, with the newly implemented SAMMY/FITACS code. The results of the analysis show a fairly good agreement between the average resonance parameters obtained from the Reich-Moore analysis of the resolved energy range and those obtained from the statistical model analysis of the unresolved energy range. It has also been shown that ENDF/B-VI capture cross section could be too small by more than 10% in the energy range 10 keV to 200 keV. The ENDF/B-VI cross sections should be reevaluated in the unresolved-resonance region. This reevaluation should take into account the accurate experimental total cross section obtained in the present work and a careful reexamination of experimental data in the energy range 10 keV to 200 keV.
